Currently, operations of reversible pump turbines in pumped hydro energy storage plant suffer great instability problems in the well-known S-shaped characteristic regions, leading to the failure of start, significant pressure fluctuations, and severe vibrations of the whole system. One of the physical origins of the above instability of reversible pump turbines is the rotating stall phenomenon generated at off-design conditions in generating mode. In this review, recent studies on the rotating stall of reversible pump turbines are critically reviewed with a focus on the generating mode. In reversible pump turbine, the rotating stall initiates at runaway and is fully developed at low discharge condition with characteristic rotating frequency being 50-70% of the impeller rotational frequency. Notorious effects induced by rotating stall include generation of large pressure fluctuation, channel blockage, and strong backflow, all of which contribute significantly to the instability of reversible pump turbine. Methods for identification of rotating stall are also introduced with plenty of examples. Finally, several suggestions on the future work are given and discussed.
Introduction
As a large-scale energy storage technique, pumped hydro energy storage plant (PHESP) is being quickly developed worldwide [1] [2] [3] [4] [5] for increasing the penetration of renewable energies [6] [7] [8] and improving the grid instability. Take China as an example. According to the 12th five-year plan of China for energy development, the capacity of the total installed PHESPs could reach 30 GW in 2015. Considering a total installed capacity of 15.7 GW at the end of 2010, this is a rather rapid development of PHESPs.
PHESP is an ideal technique to enhance grid flexibility through shaving the peaks and filling the valleys. PHESP can utilize the extra energy during off-peak period through operations in pumping mode and then generate electricity during peak period through operations in generating mode. The time required for the reversible pump turbine of PHESP from no load to full load is quite limited (within minutes); hence, PHESP can follow the load variations in the electrical grid promptly, also providing ancillary services (e.g. modulating the frequency and maintaining the voltage stability of the grid) and improving the grid stability at the same time. As a result, the restart or load variations of other types of power plants (e.g. coal-fired power plants) can be reduced, leading to the reduction of fuel consumption. PHESP is also a good complement to the development of renewable energy. One of the current challenges of incorporating renewable energies (e.g. wind and solar energies) into grid is the intermittence of the power output of those renewable energies, leading to great grid instability. Combined with PHESP, such instability in the grid can be significantly relieved. Finally, PHESP can contribute greatly to the black start of the grid. Generally, the power stations employ their own generators to keep the normal operations. For example, power stations with steam turbines use up to 10% of their power generations to serve boiler feed-water pumps, combustion air blower, etc. If their generators are all shut down, the power stations could absorb the energy from the grid through the transmission line for restart. However, during emergency (e.g. those caused by the earthquake and hurricane), the grid could be out of power and the aforementioned power stations could not normally provide electricity to their key components using generators. Due to the failure of the start of their generators, those power stations could not generate energy any more. PHESP can be started without the input of energy through transmission lines during emergency (named as ''black start'' for short), serving energies to the generators of other types of power plants (e.g. the thermal power stations and the nuclear power stations) for the restart and maintenance of their safe operations. This is of great importance to the restart of the whole grid when disasters significantly affect the normal operations of the grid of the cities.
Reversible pump turbines are essential components of the modern PHESPs. Currently, the most striking problem identified during the operations of PHESP is the instability of reversible pump turbine, which has attracted great attention from both academia and industry. Figure 1 shows the full characteristic curve (marked as blue line) of the reversible pump turbine with a constant guide vane opening. In Figure 1 , n ed , Q ed , and T ed represent the speed, discharge, and torque factors, respectively. For detailed expressions of n ed , Q ed . and T ed , readers are referred to equations (9) to (11) , respectively. The full operational regions of the reversible pump turbine can be categorized into five zones: pump, brake, turbine, turbine brake, and reverse pump, respectively. The dashed green line corresponds to the runaway line, for which the torque of the reversible pump turbine equals to zero (e.g. T ed ¼ 0). The runaway line separates the turbine and turbine brake zones. Here, the rotational direction of the impeller and the flow direction of the reversible pump turbine in generating mode are selected as the positive values. Hence, for pumping mode, the values of n ed and Q ed are both negative. For reverse pump mode, n ed is still positive as the turbine mode but the flow direction has been reversed (i.e. Q ed < 0). In fact, the concept of the full characteristic curve was initially proposed from the pump industry. Considering a pump serving the water for a water tower, an emergency happens, leading to no energy being input. Due to the gravity of the water, the water will flow downward within a short period. Due to the inertia of the pump, the rotational direction is still the same (e.g. n ed < 0). This will bring the pump into the brake mode. The water will generate a force on the impeller of the pump, leading to the stop of the impeller and a reverse rotation of the impeller. For this case, n ed > 0 and Q ed > 0 (i.e. so-called turbine mode). In the above process, the pump will operate in pump, brake, and turbine modes in sequence. Now, we will consider the operations of a conventional hydroturbines. For hydroturbines, the force generated by the water on the impeller is larger than the inertia of the shaft, leading to the movement of the shaft and hence the generations of energy. If the discharge reduces, the force generated by the water on the impeller will reduce. When the two aforementioned forces balance each other, the turbine reaches the runaway line, corresponding to the zero torque outputted. If the discharge further reduces, the water tends to block the impeller movement, entering the turbine brake mode. If the discharge passes the zero flow rate line and the water flows reversely, the turbine enters the reverse pump mode. It should be noticed that the reverse pump mode should be avoided because it could cause great instability problems for the turbine. For the reversible pump turbine, all the above processes could be involved during its daily operations. Figure 2 shows three typical characteristic curves of a reversible pump turbine in generating mode Figure 2 . A typical characteristic curve of a reversible pump turbine in generating mode with three different guide vane openings. S-shaped characteristic curve can be observed for the case with guide vane opening 1 . In the S-shaped regions, for a fixed value of rotational speed, the system could be possibly operated at three different discharges (as marked by the solid red circles in the figure). obtained with three different constant guide vane openings 9 (represented by 1 , 2 , and 3 , respectively). For large guide vane opening (e.g. 1 in Figure 2 ), a distinct shape of the curve (named as ''S-shaped characteristics'' for short) with a prominent positive slope (dQ ed =dn ed 4 0) could be observed. In the S-shaped regions, a fixed rotational speed corresponds to three discharges (marked as closed red circles in figure 2 ). Such kind of characteristics could lead to the reversible pump turbine jumping between those states, leading to remarkable instability. In this region, a subtle change of rotational speed will lead to dramatic variations of the operational conditions, e.g. a prompt switch from turbine brake mode to reverse pump mode with the flow direction reversed. Hence, there are great difficulties for synchronization of the pump turbine with the grid due to strong oscillations of power output and shaft rotational speed.
10 Figure 3 shows an on-site measurement of the variations of the rotational speed of a reversible pump turbine during the start-up from no-load condition in turbine mode. 11 The acceptable variations of the rotational speed (495 r/min and 505 r/min for the lower and upper limits respectively, referring to the red solid lines in the Figure 2 ) defined by the electrical grid system in China are also shown in the figure. Due to the instability caused by the S-shaped characteristics, the rotational speed of the reversible pump turbine shows remarkable oscillations and cannot be stabilized, leading to the failure of connection to the grid. During the above process, pump turbine also generates large pressure fluctuation, 12 significant system vibrations, 13 and loud noises, posing a great threat to the safe operations of the power plant. For example, the low-frequency oscillations generated in S-shaped regions during load rejection could damage the penstock. 14, 15 The instability may also resonate with an acoustic mode of the piping systems resulting in a serious pulsation problem.
The underlying mechanisms of the instability of reversible pump turbines are quite complex, depending on many parameters (e.g. the slope of S-shaped curve, rotor-stator interaction, elasticity and inertia of the system, and energy dissipations in the system). Recent studies revealed that the aforementioned instability is strongly associated with the rotating stall developed in the reversible pump turbine. In this paper, recent advances in rotating stall of the reversible pump turbine (mainly in generating mode) are reviewed together with associated instability. The whole review is organized as follows: firstly, some basics of pump turbine are introduced; secondly, stability criteria of pump turbine are given for several cases; thirdly, the S-shaped characteristics of pump turbine are discussed in great details together with hysteresis effects, measurement methods, and improvement techniques; fourthly, the characteristics of general features of rotating stall in the reversible pump turbine are described; fifthly, characteristics of the abnormal flow inside the reversible pump turbine during rotating stall are shown with examples; sixthly, methods for identification of rotating stall are summarized with brief comments; finally, the concluding remarks are given with several suggestions of future work.
Basics of reversible pump turbines
The whole passage of the reversible pump turbine includes spiral casing, stationary guide vanes, wicket gates, impeller, and draft tube. A schematic view of the fluid passing domain is shown in Figure 4 . In the present paper, discussions are focused on the instability of the reversible pump turbine in generating mode. As shown in Figure 2 , separated by the runaway line and zero-flow-rate line, the operations of the reversible pump turbine in generating mode can be categorized into three types, i.e. turbine mode, turbine brake mode, and reverse pump mode. For the turbine brake mode, the flow direction is the same as the turbine mode but the flow tends to prevent the motion of the impeller. For the reverse pump mode, the flow direction is in the opposite direction of the turbine mode. The rotational direction of the impeller is all the same for three modes.
In fact, the ordinary pumps and turbines can both work reversely. When a pump works as a turbine (i.e. with the torque of the machinery and fluid flow direction modified reversely), it still maintains a good efficiency. Because no wicket gate in the pump for the adjustment of flow rates, there is only one working condition with fixed speed and head for this case. For micro-hydropower station, pumps running in generating mode are usually employed because of easy maintenance and low costs. 16 When a turbine working as a pump (e.g. inputting energy into the water to elevate it to a higher level), a great decrease of the efficiency is observed with distinct hump characteristics in the head-discharge curve, causing great instability. For detailed examples, readers are referred to p.62 of Mei. 17 Hence, during the design of a reversible pump turbine, the impeller of a pump is often selected with further modifications and is also matched with wicket gates and stationary guide vanes of turbines. Because flow in the pumping mode is sensitive to the separation and losses, the reversible pump turbine is usually designed with a more focus on the pumping mode.
To emphasize, the available water heads for the pumping mode and generating mode are different. In generating mode, the available head equals to the subtraction of the hydraulic losses from the static head between upper and lower reservoirs, while in pumping mode, the available head equals to the sum of the hydraulic losses and the static head. Hence, the water head in pumping mode is larger than one in generating mode. Take Francis reversible pump turbine as an example. To ensure the performance in pumping mode, the outer diameter of the impeller should be enlarged as the lifting head strongly depends on this parameter. As a result, comparing with the traditional Francis turbine, a reversible Francis pump turbine has longer blade channels.
Although the appearance of the reversible Francis pump turbine shares many similarities with the high-head Francis turbine, the characteristic curves (e.g. discharge-speed curves) of the two turbines are essentially different. 18 Here, a comparison between a high-head Francis turbine and a Francis reversible pump turbine will be made with parameters as shown in Table 1 , the original data of which can be found in Olimstad et al. 18 Several parameters of two turbines are equal, e.g. inlet and outlet diameters and also head at best efficiency point (BEP). 18 However, the inlet blade angle and number of blades of two turbines are different. Figure 5 shows the measured characteristics curves of two turbines. During the measurement, the two turbines share the same distributor and the draft tube with only difference in the impeller. 18 As shown in Figure 5 , one can find that the characteristic curve of the reversible Francis pump turbine is much steeper than one of a Francis turbine. This example illustrates the importance of the geometry of the impeller on the characteristic curves of the turbines.
Stability criteria
Stability criteria are an essential parameter that judge the performance of a reversible pump turbine and system stability at the design stage. Martin 14, 15 proposed a model for prediction of runaway instability of the reversible pump turbine. Other related analysis include the start-up instability by Staubli et al., 19, 20 the interaction with hydraulic systems by Widmer et al., 21 the self-excited oscillations by Zhou et al. 22 and recent theoretical analysis by Nielsen and his collaborators. 23, 24 In this section, theoretical analysis of the stability criteria for several typical cases will be given following a recent Nielson's analysis. 
Theoretical analysis
Without surge shaft, the water system in the reversible pump turbine can be represented as follows following the Newton's second law
where L is the length of the system; A is the crosssectional area of the system; is the density of the water; Q is the instantaneous volumetric flow rate; t is the time; g is the acceleration of gravity; H r is the reservoir head, which is generally a constant; H f is the head loss due to the friction; H t is the net turbine head. The left hand side of equation (1) represents the momentum of moving water and the right hand side of equation (1) 
The net turbine head can be split into two parts. The first term in equation (3) is defined using a constant K r . The mechanism of this term is quite similar like those employed in the flows passing through a device (e.g. orifice or valve). A flow coefficient (or more specifically valve coefficient), which is similar like the constant K r in equation (3) , is usually defined to describe the efficiency of the device for allowing fluid flow by measuring the pressure drop (represented by the water head in our case) and flow rate across the device. Another term is defined using K n , the value of which depends on the rotational speed. Here, we do not distinguish the difference between two terms and use the K t as the overall coefficient for convenience.
Generally, the stability criteria of the reversible pump turbine system can be analyzed by evaluating the development of a small deviation from the equilibrium as follows. 23 Assuming that the volumetric flow rate (Q) deviates the equilibrium value (Q 0 ) with a small quantity (q) such as
Substituting equation (4) into equation (1), one can obtain the differential equation of q as follows
Solution of equation (5) is
The system is stable only if
In the real laboratory system, head loss is rather limited and if the head loss caused by the friction can be ignored (i.e. K f % 0), the stability criteria will reduce to
Hence, if the slope of the head-discharge curve is positive, the system is stable; otherwise, it is unstable. Examples of stable and unstable conditions are given in Figure 6 . If the system is operated at a high head (marked using solid blue line), the system is stable (referring to the open blue circle in the Figure 6 ) while if the system is operated at a low head (marked using dashed red line), K t could be negative (referring to the open red circle in the Figure 6 ) and the system is unstable. If K t < 0, the unstable characteristics of the system also lead to great difficulties in measurement. For those cases, the system could be converted to stable one by adding extra head loss caused by the friction (e.g. throttle valve) such as K f 4 À K t . The details of these techniques for measurement of characteristic curves are shown in section Measurement of S-shaped characteristics.
In the above analysis, effects of water compressibility are not included. In fact, the water compressibility may have some effects on the stability, determining the final status of the reversible pump turbine. Martin 14 found that the reversible pump turbine will stay in the turbine brake mode without water compressibility, while it will stay in the reverse pump mode with water compressibility. Recently, Zeng et al. 25 proposed a model to consider the effects of water compressibility and its influences on the 18 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
runaway instability. The oscillating waves at runaway were decomposed into two kind of waves: inertia waves (with low-frequency oscillations) and elastic waves (with high-frequency oscillations) relating to the water compressibility. The stability criteria were established for both cases with and without the water compressibility as shown in Figure 7 . The water compressibility could have a positive effect on the stabilization of the inertia wave with its oscillation period modified. Under certain conditions, the inertia wave could be transformed into the elastic wave and the interactions between two kinds of waves show a complex nature.
In above analysis, effects of some parameters of the whole system (e.g. length of the water channels) on the stability criteria are not considered. For those examples of stability analysis, readers are referred to Stability for Pump Turbines of Olimstad.
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Analysis based on the speed, discharge, and torque factors
For the analysis of the reversible pump turbine, the speed, discharge, and torque factors (n ed , Q ed , and T ed , respectively) are generally employed following IEC 60193 standards
where n is the rotational speed of impeller; D is the impeller outlet diameter; Q is the discharge; T m is the torque; is the density of water; H t is the turbine head. Some researchers (e.g. Olimstad et al. 24 ) used n ed = ffiffi ffi g p , Q ed = ffiffi ffi g p and T ed =g as the speed, discharge, and torque factors. Here, g represents the acceleration of gravity. As the two definitions only differ from each other with a constant coefficient, the usage of different definition will not influence the following discussions on the stability criteria. By using the definition of n ed and Q ed , the stability criteria can be obtained following the analysis by Olimstad et al. 24 Based on equations (9) and (10), one can obtain
Then equation (12) can be simplified as
Based on the stability criteria equation (7), the critical value separating the stable and unstable zones in terms of n ed and Q ed can be expressed as
If the head loss due to the friction is small and K f tends to be zero, equation (14) becomes dQ ed dn ed ! 1 ð15Þ Figure 8 shows the stability limiting lines of different cases in terms of Q ed À n ed curve. For zero friction loss, 25 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
the stability limiting line is a vertical line (blue line in figure 8 ) and if the slope of Q ed À n ed curve is positive (dQ ed =dn ed 4 0), the system will be unstable. If friction losses are considered, the stability criteria become
The stability limiting line of this case is shown using red line in Figure 8 . The critical (positive) value of ' c depends on the friction losses and can be determined by equation (14) . With consideration of the friction losses, the system will still keep stable even if the slope of the curve is positive and will become unstable until the slope exceeding ' c as shown in Figure 8 . Before closure of this section, the sensitivity of the S-shaped characteristics on the non-dimensional numbers will be discussed. In fluid mechanics, the similarity of the flow could be achieved if geometric, kinematic, and dynamic similarities are all satisfied. Specifically, in a reversible pump turbine, flows with similarity have unique Q ed À n ed curves. In reality, it is not practical to satisfy all the required non-dimensional numbers and hence a sensitivity study is required. For example, Gu¨lich 28 showed that the pump characteristic at part load is not sensitive to Strouhal number and Reynolds number. For reversible pump turbines, Olimstad et al. 24 studied the sensitivity of the S-shaped characteristic curve on Reynolds number of the flow inside the reversible pump turbine. As shown in Figure 9 , Olimstad et al. 24 made measurements of the pump turbine characteristic curves with the variations of the water head in generating mode (9 m, 20 m, and 36 m, respectively), corresponding to the Reynolds number 2.2Â10 6 , 3.35Â10 6 , and 4.4Â10 6 , respectively, calculated based on the peripheral velocity and the diameter of the outlet of the draft tube. For small values of n ed (e.g. around BEP), there is no obvious difference among three measurements. However, for n ed above 1.35, a remarkable difference between three cases is observed. For a high head (e.g. 36 m), the flow resistance seems higher because its Q ed is relatively small. 24 
Variable rotational speed
For a reversible pump turbine with variable rotational speed, except equation (1), another equation should be also employed for the stability analysis of the system such as
Here, J is the polar moment of rotating inertia; n is the rotational speed; T h is the hydraulic torque; T g is the generator torque. Martin 14 analyzed the stability of such system and found that if the friction is ignored, the system stability is determined by the slope of the T ed À n ed curve. Olimstad et al. 24 further gave the following stability limit for the variable rotational speed cases
Comparing with equation (14) for the fixed rotational speed, stability limit for variable rotational speed equation (18) depends on the slopes of both Q ed À n ed and T ed À n ed curves.
S-shaped characteristics
In this section, several striking features of S-shaped characteristics of the reversible pump turbine are 24 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). given with discussions. When a prototype of reversible pump turbine enters the S-shaped characteristics region, the operation can be suddenly changed from the turbine brake to the reverse pump with discharge reversed, generating great instability and structural vibration. The amplitudes of pressure fluctuations in the reversible pump turbine with and without the S-shaped characteristics are significantly different. Based on the experimental work of Hasmatuchi et al., 9 the standard deviations of pressure fluctuations in the spiral casing (upper plot in figure 10 ) and guide vanes (lower plot in figure 10) at 10 guide vane opening (with S-shaped characteristics) are significantly larger than those at 5 guide vane opening (without S-shaped characteristics) as shown in Figure 10 . The standard deviation of pressure fluctuation (C
where p i is the pressure fluctuation data obtained in the experiment; p is the averaged pressure fluctuation; is the density of the fluids; E is the specific energy value of the test, which is 200 J/kg for all the operating conditions in Hasmatuchi et al. 9 ; N is the number of data employed for processing.
Hysteresis effects
Hysteresis effects widely exist in the nonlinear systems (e.g. cavitation bubbles 29 ) and many kinds of hydraulic machinery, e.g. bulb turbine 30 . Generally speaking, with the hysteresis effects, the current state of the system depends not only on the current input of the system but also on the history of the system. In a reversible pump turbine, hysteresis effect affects the zone with S-shaped characteristic significantly, causing many undesirable effects on the system (e.g. water head drop, efficiency decrease, vibration, and noise generation).
Hysteresis effect in a reversible Francis pump turbine was reported as early as 1970s by Yamabe 31, 32 and was investigated recently by several reserachers. 24, 33, 34 Figure 11 shows an example of the experimental measurements of the hysteresis effect in the pump turbine with the aid of discharge-speed curve. The discharge and rotational speed were measured with both the increase and decrease of the rotational speed with step size 2-60 r/min. Below the nominal speed (530 r/min in this example), there is no observed difference between the two tests. Between 770 r/min and 820 r/min, the operational condition of a reversible pump turbine enters into the hysteresis-effect region with a remarkable difference between the measured curves. For fixed rotational speed, the discharge measured from low speed to high speed is higher than those measured from high speed to low speed. Another characteristic of this region is that the operational modes are highly dependent on the rotational speed. For example, with an increase of 2 r/min in this region, the operational mode could change from the turbine mode to the reverse pump mode. It was pointed out that the cavitation factor, guide vane opening, and specific speed of the reversible pump turbine are three main . This figure was adapted from Figure 6 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). 24 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
influencing factors determining the hysteresis phenomenon. 31 The hysteresis effects not only exist in generating mode (shown above) but also in pumping mode. Ran et al. 33, 34 also found hysteresis phenomenon in a model reversible pump turbine in pumping mode with different rotational speeds (300 r/min and 1070 r/min, respectively). As shown in Figure 2 of Ran et al., 34 a clear difference between two measurements is shown in a particular zone. For the improvement of the hysteresis characteristics of pump turbine, Yamabe 32 suggested to enlarge the sweep-back at the entrance of the impeller blades. For details of this modification, readers are referred to Yamabe.
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Critical guide vane opening
There exists a critical guide vane opening separating operational conditions of a reversible pump turbine with/without S-shaped characteristic. Hasmatuchi 35 made the measurement of the Q ed À n ed characteristic curve for a series of guide vane openings from 5 to 18
as shown in Figure 6 .1 in p.63 of Hasmatuchi.
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A demonstration of the existence of this critical guide vane opening for S-shaped characteristics can also be found in Figure 2 . When the guide vane opening is equal to or greater than 7.5 , a positive slope (i.e. S-shaped characteristic) after runaway is observed in the characteristic curve. However, for smaller guide vane openings (e.g. 5 ), no S-shaped characteristics are observed. This implies that a critical guide vane opening for S-shaped characteristics does exist. For this case, the critical opening lies between 5 and 7.5 .
Measurement of S-shaped characteristics
Generally, the full characteristics of pump turbine in generating mode are measured during the transition of the reversible pump turbine from turbine mode to reverse pump mode, passing runaway, turbine brake, and zero-flow-rate condition. Along the S-shaped characteristics curve, in certain regions, the operational point is not stable (as shown in Figure 12 ), leading to great difficulties for measurement. One of the generally accepted measurements of this unstable transient behavior is the time averaging. Figure 13 shows one example of this method. Each transient point shown in the figure is the time-averaged values over 0.7 s with the total time of the transition event being 40-50 s. 24 In the reverse pump mode, the measurement does not fit the stable data well because of the dynamic behavior of the laboratory. 24 Another solution for the measurement of the transient is to stabilize the system by adding throttling valves. 10, 23, 24 The principles of this method are shown in Figure 14 . Without throttling valves, there is no cross point between the system head line (referring to the blue line marked with ''System head'' in Figure 14 ) and turbine head line (referring to the red line marked with ''H t '' in Figure 14) in the lowdischarge zone and hence the system is unstable in this region. By adding the throttling valves (with its head represented by ''H tr '', referring to the black line in Figure 14) , the total head (referring to the green line marked with ''H t þ H tr '' in Figure 14) could be modified and the system can be stabilized in this region. A comparison between characteristic curves with and without throttling valves is given in Figure 13 . Generally, the data with throttling valves fits well with those without throttling valves with only slight difference near runaway, which is caused by the low pressure induced by the valves. 23 To be emphasized, the head employed in the calculation of Q ed and n ed is still purely turbine head in this case. The unsteadiness of the flow can be quantified by the calculation of the standard deviation of multiple tests. Olimstad et al. 24 found that this method have a high standard deviation of Q ed (i.e. large variation in the flow rates) for several operational points. Figure 13 . Measured Q ed -n ed characteristics with time averaging in unstable zones. This figure was adapted from Figure 10 of Olimstad et al. 24 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). Alternatively, the instability can be also relieved by treating torque as an input then determining the rotational speed. 24 One of the advantages of this method is that a constant head can be maintained during the test. However, a large oscillation of rotational speed is observed at two unstable points. 24 A complete discussion of different measurement methods can be found in Olimstad et al. 24 
Improvement techniques
Eliminating S-shaped characteristics together with undesirable instability is a key task of the design of the reversible pump turbines. As shown in section Basics of reversible pump turbines, the S-shaped characteristics are quite sensitive to the geometry of the impeller. For example, a change of the inlet blade angle leads to a much steeper S-shaped characteristic in the reversible pump turbine. In fact, even a subtle change of the geometry of impeller (e.g. with changes less than 1 mm in a model turbine) could affect the S-shaped characteristics significantly. Olimstad et al. 18 conducted a series of study of the influences of impeller geometry on the S-shaped characteristics. For a stable reversible pump turbine, it was recommended to use higher radius of curvature at the pressure side of the leading edge. Increment of the blade thickness or prolongation of the blade can also improve the S-shaped characteristics. About the inlet blade angle, smaller values provide a less steeper curve in the turbine mode but a more exaggerated steeper curve in the turbine brake and the reverse pump modes. Although the modifications on the impeller geometry do not affect the operation in pumping mode and reverse pump mode, these changes have great impact on the runaway curve.
One of the principles for the geometry modification is to maintain the performance of BEP; hence, the performance of the reversible pump turbine will not be altered. 18 Because of the complexity of the phenomenon, different measures may only be effective in certain regions, leading to strike a balance between different choices. For example, Olimstad et al. 18 found that the steepness of S-shaped characteristics of the modified profile also depends on the guide vane opening.
General features of rotating stall in pump turbine
In generating mode, rotating stall happens in the reversible pump turbines operated in the turbine brake mode (regions from runaway to zero discharge) and also in the reverse pump mode. 9 Generally, in the turbine brake mode, rotating stall origins at runaway, develops and is fully established with the reduction of the discharge, then decreases near the zero-flow-rate line. When the discharge is reversed in the reverse pump mode, rotating stall can still be observed with large discharge. The existence of the rotating stall phenomenon has strong relationship with the S-shaped characteristics. A positive slope (dQ ed /dn ed > 0) in Q ed À n ed curve is an important criterion for generating the rotating stall.
Basics of rotating stall
Initially, rotating stall was an instability phenomenon found in the compressors at part load. 36 Later, rotating stall was also observed in the axial flow pumps, the vaned/ vaneless diffuser, 37, 38 and the impeller of the reversible pump turbine. 9, 31, 32 Rotating stall may also resonate with an acoustic mode of the inlet piping system, leading to greater pulsations of the whole system. For example, Dussourd 39 identiEed such kind of vibrations in a boiler feeding system. For a comprehensive review of rotating stall, readers are referred to Greitzer. 36 Brennen 40 gave a coherent explanation of the rotating stall. Figure 15 represents the flow passing the impeller of the reversible pump turbine operated with a high incidence angle. In Figure 15 , the impeller rotates in the clockwise direction. If channel B is stalled, a separated wake will be generated, increasing the flow blockage within the passage. Hence, it will show a great tendency to deFect the Fow away from this blockage as shown in the Egure, resulting in an increase of the incidence angle on the blade a and a decrease of the incidence angle on the blade c. As a result, channel A tends to be stalled, while the existed stall (if any) in the channel B or C tends to disappear. Through this propagation process, the stall cell will rotate and move. For a rotor, it was found that the stall cell rotates in the same direction as the rotor but with a lower speed (50-70% of the rotor rotational speed). 
Rotating frequency of stall cell
Rotating frequency is an important characteristic parameter of rotating stall. In the reversible pump turbine, rotating stall cell rotates periodically in the same direction as the impeller with the rotating frequency about 50-70% of the impeller rotational frequency, depending on the turbine geometry and the systems. Vesely et al. 41 investigated a model reversible pump turbine with a medium head and observed that only one stall cell rotating with about 60% of the impeller rotational frequency in the turbine brake and reverse pump modes. Hasmatuchi et al. 9 experimentally investigated the rotating stall in a model reversible pump turbine and found that one stall cell in the vaneless gap between the impeller and the guide vanes rotates at 70% of the impeller rotational frequency. In other experiments, the observed rotating frequency of the stall cell is also within 50-70% of impeller rotational frequency (e.g. 59% by Widmer et al. 42 and 70% of Yan et al. 43 ). Gyarmathy et al. 44, 45 proposed an analytical expression for the predictions of the propagation speed of the rotating stall cell such as 
Channel blockage
Rotating stall in pump turbine is an instability phenomenon, during which a number of blade channels are blocked by the rotating stall cells at the same time. Because of the rotating nature of the stall cells, all the channels could be affected and blocked during their rotation. Rotating stall origins at the impeller and then extends to the upstream (e.g. vaneless region, guide vanes, and stay vanes). Hence, the channel blockage could be also observed in the guide vane channels.
The extension of channel blockage caused by the rotating stall cell highly depends on the stages of the rotating stall, which is dependent on the discharge (referring to Figure 16 for demonstrating examples). Based on the numerical simulations of reversible pump turbine working at 30 guide vane opening, Widmer et al. 42 found that four guide vane channels among twenty channels are completely stalled at mass flow rate 56 kg/s, while 14 guide vane channels are completely stalled at mass flow rate 16 kg/s.
Cavazzini et al. 46 performed a detailed analysis of the channel blockage in the impeller and the guide vanes as shown in Figure 17 . Cavazzini et al. 46 defined a parameter " i to quantify the channel blockage. For detailed definition of " i , readers are referred to equation (2) of Cavazzini et al. 46 For " i > À1, the flow in the channel is normal; for " i ¼ À1, the flow in the channel is blocked; for " i < À1, the flow in the channel is reversed. Figure 17 shows a clear view of the variations of the channel blockage versus the discharge and different channels.
Stages of the rotating stall
Depending on the influences of rotating stall on the flow, the development of the rotating stall can be categorized into three stages. The characteristics of the three stages are summarized as follows.
Stage one: Inception of rotating stall. At this stage, the reversible pump turbine usually works at runaway. One or several rotating stall cells appear only in the impeller blade and the fluid flow is slightly away from the design condition with strong distortions, leading to the formation of vortex in the blade channels of impeller. No strong backflow is shown in the reversible pump turbine. The coverage of the rotating stall (in terms of the total number of the blocked blade channels) is limited.
Stage two: Developing rotating stall. With further decrease of the discharge, the reversible pump turbine will work in the turbine brake mode and the vortex formed in the stage one will become more violent and unsteady. The backflow will be also generated and the total number of the channels blocked by the rotating stall cell increases. At this stage, signals of rotating stall in other fluid passing components of the pump turbine rather than impeller can be observed but with a weak amplitude.
Stage three: Fully developed rotating stall. This stage can be observed in the turbine brake mode with further decrease of the discharge. At this stage, the ''matured'' rotating stall is finally shown with clear backflows especially at the interface between the impeller and the wicket gates (i.e. the vaneless space). With fully developed rotating stall, more than half of the blade channels can be blocked by the rotating stall cells. At this stage, fluid flow inside other components of pump turbine (e.g. stationary guide vane, wicket gates and spiral casing) will be dominated by the rotating stall as shown in the frequency spectra of pressure fluctuation. The efficiency and torque of the reversible pump turbine drop quickly with strong structural vibrations.
Strong backflows and great instability are also shown in the reversible pump turbine operated in the reverse pump mode. However, this is mainly caused by the pumping effect as the amplitude of the rotating stall is weak in those cases.
Characteristics of pressure fluctuations
Significant pressure fluctuation is one of undesirable effects induced by the rotating stall. On the one hand, large pressure fluctuation is generated at the inception 46 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
sites of rotating stall cells (e.g. blade channels), leading to abnormal hydraulic forces on the impeller. On the other hand, the generated pressure fluctuation could propagate upstream and downstream, increasing the perturbation of the passing fluid flow.
Firstly, the basic features of the pressure fluctuations generated by the rotating stall are introduced. Hasmatuchi et al. 9 measured the pressure fluctuations in the spiral casing and the guide vanes at six operational conditions (best efficiency, low torque, runaway, low discharge, reverse pump, and deeper reverse pump respectively) along the S-shaped characteristic curve (referring to figure 18 ). In Figures 19  and 20 , frequency spectra of the pressure fluctuations in the spiral casing and the guide vanes through the analysis of fast Fournier transformation (FFT) obtained by Hasmatuchi et al. 9 are shown, respectively. The X-axis in Figures 19 and 20 is f/f n , which is the non-dimensional frequency of the signals using the impeller rotational frequency. As the blade number of the impeller investigated by Hasmatuchi et al. 9 is nine, f/f n ¼ 9 corresponds to the blade passing frequency (BPF) and f/f n ¼ 18 is its harmonic. TheC p in Figures 19 and 20 is the coefficient of the pressure fluctuation defined as
where p is the measured pressure fluctuation; p is the averaged value of pressure fluctuation; is the density of the fluids; E is the specific energy value in the test with E ¼ 200 J/kg in Hasmatuchi et al. 9 . As rotating stall initially appears in the impeller and then propagating upstream, signals of guide vanes will be firstly analyzed. In Figure 20 , at best efficiency operating condition, no pressure fluctuation can be observed in the guide vane channels; at low-torque operating condition, pressure fluctuation is dominated by the frequency f/f n ¼ 9 (representing the BPF); at runaway, except f/f n ¼ 9, pressure fluctuation with f/f n ¼ 0.7 (representing the rotating stall) and f/f n ¼ 18 (harmonic of the BPF) can be also observed with limited amplitude; at low discharge, the dominant frequency is the frequency of rotating stall (f/f n ¼ 0.7); at reverse Figure 19 . Frequency spectra of the pressure fluctuations in the spiral casing through fast Fournier transformation (FFT) (Sensor ID: S c1 ). Spectra at six operational conditions (best efficiency, low torque, runaway, low discharge, reverse pump and deeper reverse pump) are shown in the figure. This figure was adapted from Figure 8 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). Figure 18 . The experimental ''S-shaped'' curve for the discharge and torque factors in generating mode. This figure was adapted from Figure 5 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
pump, the signal with f/f n ¼ 0.7 is gone and the spectra are still dominated by f/f n ¼ 9; at deeper reverse pump, the signal f/f n ¼ 0.7 is shown again but with a rather limited amplitude. The development of the rotating stall revealed by the frequency spectra is employed for categorizing the stages of rotating stall in the section Stages of the rotating stall.
The above pressure fluctuation induced by the rotating stall can also propagate upward, e.g. from the guide vanes to the stay vanes even the spiral casing. In Figure 19 , at BEP, runaway and low torque, many low-frequency signals are shown in the spectra with small amplitudes. However, at low discharge, frequency of rotating stall (f/f n ¼ 0.7) purely dominates the spectra with extremely large amplitude noticing that the range of Y-axis at low discharge is five times of those at the other working conditions. The propagation direction can be deduced by noticing the difference between the amplitudes of the low-frequency signals in Figures 19 and 20 , respectively. Hence, at the low discharge condition, the fully developed rotating stall could generate a huge pressure fluctuation, which further propagates upstream and dominates the local flow.
The pressure fluctuation induced by the rotating stall can also propagate downward e.g. from the impeller to the draft tube. However, the amplitudes of the pressure fluctuation in the draft tube are less significant than those in the impeller or the guide vanes (referring to Figures 6.4 and 6 .8 of Hasmatuchi. 35 ). This is quite different with the Francis turbine, for which the amplitudes of the pressure fluctuation in the draft tube are the largest one all over the turbine. One of the reasons for this is the complex nature of the flow (e.g. vortex formation and backflow) in the vaneless space of the reversible pump turbine.
The pressure fluctuations induced by the rotating stall show remarkable periodicity rather than random. Figure 21 shows the experimental data of the variations of the pressure fluctuations versus impeller revolutions in the vaneless gap between the impeller and the guide vanes at BEP (upper), runaway (middle), and low discharge (bottom) conditions. Figure 22 shows the pressure fluctuation data measured by different sensors in the vaneless gap at the low discharge condition. Based on Figures 21 and 22 , Figure 20 . Amplitude spectra of the pressure fluctuations in the guide vanes through fast Fournier transformation (FFT) (Sensor ID: G v1 ). Spectra at six operational conditions (best efficiency, low torque, runaway, low discharge, reverse pump and deeper reverse pump) are shown in the figure. This figure was adapted from Figure 9 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
pressure fluctuation with sub-synchronous frequency of the impeller can be observed.
Flow characteristics during rotating stall
A visualization of rotating stall induced flow in the guide vane channels is shown in Figure 23 with the aid of tufting technique. 47 In the experiment, thin fluorescent wires with diameter 0.14 mm were fixed at the mid-span of one guide vane, top cover in the adjacent guide vane channel, and the vaneless gap close to the impeller. 47 Due to the low density and small diameter of the fluorescent wires, those wires will align themselves along the flow direction and meanwhile they will not disturb the flow. A high-speed camera was employed to capture the behavior of the tufts through a transparent window. Figure 23 shows the flow characteristics induced by rotating stall observed at one guide vane channel using 20 processed images. According to Figure 23 , the sequence of events during one stall period is shown in the four subplots in the middle of Figure 23 : (a) represents fluids passing through the guide vanes toward the impeller with the pressure increase; (b) represents the flow separations and the blockage of guide vane channels; (c) represents the fully developed backflows and the slowly decreased pressure; (d) represents the further blockage of the guide vane channels. Figure 24 further compares the visualization of the fluid states at conditions without rotating stall and runaway over 10 impeller revolutions together with the pressure fluctuations and FFT analysis. At runaway, the fluid flow is disturbed both in the guide vane channels and the vaneless space with remarkable pressure fluctuation.
Hence, flow separation, backflow, and vortex formation are three main characteristics of the fluid field with rotating stall, which will be introduced in great details below. To be emphasized, their effects on rotating stall phenomenon are interactive rather than independent.
Flow separation
When the reversible pump turbine is operated at offdesign conditions, flow separation has great possibility to occur. Hasmatuchi et al. 9 proposed a schematic illustration of the relationship between the flow separation and the rotating stall. Figure 25 shows a schematic analysis of the theoretical mean velocity triangles at the impeller inlet during different operational conditions. At the BEP (represented by green line in the figure 25), the relative flow velocity angle is large and the incident angle of the fluid passing through blade is minimum, corresponding to a very smooth flow inside impeller. At runaway (represented by black line in Figure 25 ), the flow rate decreases significantly, leading to a small relative flow velocity angle. Then, the incident angle will increase and a mild flow separation happens, leading to the generation of vortex and recirculation regions at the suction side of the blade. At the low discharge condition (represented by red line in Figure 25 ), the relative flow velocity angle becomes even smaller due to the decrease of the discharge and the incident angle increases further. Different with runaway, at low discharge condition, there exists a strong interaction between flows in different channels with a schematic mechanism shown in the section Basics of rotating stall, leading to the formation of rotating stall.
Backflow
For the visualization of backflows, Hayami et al. 48 visualized the fluid flow inside a small model reversible Francis-type pump turbine using a tracer method and video camera. Other pioneer experimental work includes Senoo and Yamaguchi. 49 Recently, with the aid of the air bubbles injection, Hasmatuchi et al. 9 obtained the visualized flow inside the guide vane channels (referring to Figures 26 and 27 ). The air bubbles were injected from a nozzle near the stationary guide vanes. 9 The amount of the injected air was controlled by a needle valve and the injection pressure was set to be a little higher than the local pressure in the fluid. The influences of air bubbles on the streamlines can be neglected. Figure 26 shows the instantaneous air bubble flow visualizations in one guide vane channels for BEP, runaway, and low discharge conditions. 9 Comparing with the flow at BEP, the flow at low discharge condition is strongly disturbed. Figure 27 sums the images captured during three impeller revolutions at 1000 frames per second for BEP, runaway, and low discharge conditions. 9 At runaway, the flow is slightly disturbed, while at low discharge, a clear backflow is shown. Figure 11 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME).
Although no backflow was observed by Hasmatuchi et al. 9 in the guide vane channels at runaway, Staubli et al. 50 numerically observed backflows with periodical pattern in the vaneless space between the guide vanes and the impeller. Figure 28 schematically shows the flow rate passing a surface in the vaneless space into and out of the impeller. Hence, possibly, the amplitude of backflow at the impeller inlet at runaway is not large enough and dissipates out before reaching the guide vane channels. Staubli et al. 50 also concluded that the local vortices (referring to Figure 29 for examples) formed near the leading edge of the impeller is the source of the observed fluctuations of inflow and outflow in the vaneless space. 47 with the permissions from the copyright owner Elsevier. Figure 30 shows a typical backflow from the impeller to the guide vanes. Recently, Sun et al. 51 and Liu et al. 52 also quantitatively studied the distributions of the backflow inside the reversible pump turbine based on the numerical simulations.
Vortex formation
The vortex structure associated with the rotating stall formed at the impeller and vaneless space plays an important role on the S-shaped characteristics, leading to the blockage of the channels, high pressure in the upstream (e.g. spiral casing), and decrease of the discharge. According to the influences of the vortex on the turbine, the vortex formation can be categorized into the following three groups according to Widmer et al. 42 . . Sum of the images captured during three impeller revolutions at 1000 frame per second for best efficiency point, runaway, and low discharge condition. This figure was adapted from Figure 13 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). Figure 26 . Air bubbles flow visualizations in one guide vane channel for best efficiency point, runaway, and low discharge condition, respectively. This figure was adapted from Figure 12 of Hasmatuchi et al. 9 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). . Rotating stall. It happens at larger guide vane openings, for which the space of vaneless region is limited. Different with unsteady vortex formation, the disturbed flow and blockage can only be observed in several blade channels at the same time but rotating with sub-synchronous frequency of the impeller. Moreover, the coverage of the disturbed flow is larger than those of the unsteady vortex, including channels in the upstream, e.g. vaneless spaces, guide vanes and stay vanes.
In the above discussions, different types of vortex formation or rotating stall are fulfilled by adjusting the guide vane openings as shown by Widmer et al. 42 Here, an example will be further given to show the difference between above three mechanisms. Figure 31 shows the regions dominated by stationary and unsteady vortex formations, and rotating stall predicted numerically by Widmer et al. 42 Between the vortex formation and rotating stall, there is also a transition region. Initially, the pump turbine is at no load condition with mass flow rate 31 kg/s and guide vane opening 6 . This situation was kept for about 12 impeller revolutions and only stationary vortex formation was observed in this region. Then, the guide vane opening increases gradually until it reaches the mass flow rate of 40 kg/s and 30
. At the initial stage of this region, the unsteady vortex formation was prominent while at the later stage, rotating stall was fully developed. Widmer et al. 42 also found that rotating stall can also be observed when keeping the guide vanes opening as a constant while decreasing the mass flow rate. With the aid of the joint time frequency analysis technique, the pressure signals can be transformed into the spectrogram demonstrating the time-dependent frequency domain. Because the rotating stall and the unsteady vortex have different characteristic frequency (50-70% and 30-50% of rotational impeller frequency respectively), the transition from the unsteady vortex formation to the rotating stall can be easily identified as shown in Figure 32 .
The elimination of the vortex structure at specific sites can be also employed as a design criteria of pump turbine. Gentner et al. 53 proposed that the S-shaped characteristics at some guide vane openings can be eliminated by avoiding the formation of such kind of leading-edge vortex at runaway during the design stage. Gentner et al. 53 further found that this vortex structure is induced by the cross flow from the hub to the shroud at the leading edge. Figure 8 of Gentner et al. 53 shows the amplitude of the secondary flow in the vaneless space based on particle image velocimetry (PIV) measurement, in which the averaged circumferential velocity has been subtracted. Near runway, the secondary flow is strong in two regions: one at the leading edges and another one at the center of blade channel.
Identification of rotating stall
In this section, various methods for the identification of the rotating stall and its current states will be introduced with comments and brief comparisons between different methods.
A direct identification of the rotating stall is the signal of pressure fluctuations. Generally, in the experiments, pressure signals at guide vane channels are employed for rotating stall identification. Because rotating stall has a periodical pattern (with frequency about of 50-70% of the impeller rotational frequency), its existence could even be observed directly from the time-domain signals. Further processing of the data using fast Fourier transformation (FFT) can reflect both the characteristic frequency of the rotating stall and the amplitude of its signals. Through a Figure 32 . Spectrogram of the pressure signals processed by the joint time frequency analysis. Left: simulation with constant guide vane opening and decreasing mass flow rate; right: guide vane opening varying from 6 to 30 . This figure was adapted from Figure 9 of Widmer et al. 42 with the permissions from the copyright owner The American Society of Mechanical Engineers (ASME). comparison with other signals (e.g. normal BPF and unsteady vortex signals), the importance of the rotating stall on the local flow can be identified. A joint time frequency analysis (JTFA) based on the short time Fourier transformation can also be employed to transform pressure signals into a time-dependent frequency signals to aid the analysis. One of the advantages using pressure fluctuation is its simple procedure for implementation and its potential for the usage of on-site data analysis. Rotating stall can also be identified using the vibrational signals. One of the basis of this technique is the similarity of the amplitudes of the pressure fluctuation and vibration signals along the S-shaped curve as shown in Figure 33 . This method can be employed to detect the inception of the rotating stall at runaway because the vibration signal is more disguisable than the pressure fluctuation signal. In this category, accelerometers are employed to measure the structureborne noise. In the test of Botero et al., 47 accelerometers are rigidly attached on the (protruding) surface of the flow passing components (usually shaft of the guide vanes) and perpendicular to the chord. Advanced signal processing techniques (e.g. cyclic coherence) are generally employed for processing the vibrational signals. The advantages using vibrational signals are the quantitative evaluation of the instability caused by the rotating stall, detection of the inception of the rotating stall, and also the number of the rotating stall cells.
Concluding remarks and future work Concluding remarks
In this section, the highlights of the whole review will be summarized as follows:
1. In generating mode, rotating stall initiates at runaway and is fully developed at low discharges in turbine brake mode. At deep reverse pump mode, rotating stall also exists but is not a dominant mechanism. 2. Rotating stall could generate strong backflow and vortices especially in the impeller and the vaneless space, leading to the generation of large pressure fluctuation, blockage of the channels, decrease of the discharge, pressure increase, and flow disturbance of the upstream components. Hence, rotating stall plays an important role on the S-shaped characteristics and also the associated instabilities. 3. Rotating stall has a characteristic frequency about 50-70% of the impeller rotational frequency. Hence, the pressure fluctuation generated by the rotating stall carries this frequency. This characteristic frequency can be employed to identify the existence of the rotating stall, differentiating rotating stall with other mechanisms (e.g. unsteady vortex formation), and demonstrating propagation of the disturbed flow induced by the rotating stall in the turbine.
Future work
In the literature, nearly all the reported results are based on the model reversible pump turbines. An on-site study on the prototype pump turbine is essentially necessary. Basically, the pressure fluctuation and vibration signals in the operating conditions with S-shaped characteristics should be analyzed to reflect the existence and characteristics of rotating stall in the prototype reversible pump turbine. For the analysis of pressure fluctuation, fast Fourier transformation is rather mature. For the vibrational signals processing, a recent method proposed by Botero et al. 47 based on the amplitude demodulation by computing the cyclic coherence is worthy of verification for the prototype. For a thorough review of vibration signals monitoring of reversible pump turbines, readers are referred to Egusquiza et al. 13 Relationship between the rotating stall and failure of the reversible pump turbines (e.g. impeller damage 54 ) should be also revealed. One of the difficulties of studying the prototype is the unstable nature of the S-shaped characteristics together with hysteresis effect. In the laboratory, S-shaped characteristics could be stabilized by adding throttle valve pre-turbine and treating torque as input. However, for the prototype reversible pump turbine, accurate measurement of the S-shaped characteristics is still a challenge. For the prototype, the interactions between the rotating stall and the fluctuations in other components (e.g. piping system) should be also investigated. Greitzer 36 proposed that the rotating stall would happen even if the slope of the performance curve is still negative through quoting a number of cases. Such kinds of cases have not been observed for the reversible pump turbines. Specifically, rotating stall in several special types of the reversible pump turbines (e.g. multi-stage pump turbine and variablespeed pump turbine) should be also investigated.
Numerical method is an important technique to reveal the underlying physics of the rotating stall due to the limited information of flow states obtained in the experiment. Although a global picture of the rotating stall phenomenon has been captured by the numerical method, there is still large discrepancy between predictions and experimental data (e.g. in terms of the amplitude of the pressure fluctuations). This is caused by highly complex fluid state inside turbine with rotating stall (including strong back flow, channel blockage and rotor-stator interaction). Hence, a further development of more advanced numerical techniques is highly recommended. Generally, Reynolds averaged Navier-Stokes (RANS) is often employed for the simulations. In the literature, partially averaged Navier-Stokes (PANS) method is currently attracting the attentions of many researchers, [55] [56] [57] [58] providing a good option for the modeling of the reversible pump turbines. The effectiveness of PANS has been proved in the cavitating flow over hydrofoils [59] [60] [61] [62] or propellers. 63 As vortex formation is strongly associated with the rotating stall, identification method for the vortex should be also developed. In the literature, many vortex identification methods have been developed (e.g. Q criterion). However, nearly all the available methods (especially those in the commercial software) belong to the Galilean invariant group, which means the identified vortex will not be changed after Galilean transformation. However, for the rotating machinery (e.g. the reversible pump turbine here), rotation invariant is required. For a review of vortex identification methods, readers are referred to Holme´n. Figure 34 shows our recent work on the rotationinvariant vortex identification in the impeller of the reversible pump turbines based on an algorithm proposed by Gu¨nther et al. 65 Comparing with the Galilean-invariant method shown in Figure 34(b) , the rotation-invariant method in Figure 34(a) shows quite different characteristics. For the details of the algorithms of rotation-invariant vortex identification method, readers are referred to Gu¨nther et al. 65 The details of rotating stall in pumping mode have not been revealed in great details. For some recent progress, readers are referred to Xia et al. 66 For the study of the interactions between hydraulic transient and rotating stall, a coupling between the piping systems and the local fluid flow should be considered. The recent approach proposed by Zhang et al. 67, 68 could be employed for such purpose. Other suggestions on the future work include multi-objective optimization design, 69 influences of misaligned guide vanes on relieving the rotating stall, 70 and measurement of the force on the impeller by the rotating stall. 71 
